The appropriate storage conditions for a compound file are a crucial factor for the success of drug discovery projects. In this study, 778 highly diverse compounds dissolved in 100% DMSO were stored under 3 industry-wide accepted storage conditions, and the compound integrity was monitored for a period of 6 months. The storage conditions selected were (1) under argon at +15 °C, (2) under argon at -20 °C, and (3) under ambient atmosphere at -20 °C. Each sample was assessed every 4 weeks by liquid chromatography coupled to mass spectrometry (LC/MS). Based on the resulting experimental data, a statistical projection of compound integrity over a period of 4 years for each of the 3 storage conditions was generated applying a linear mixed-effects model. A moderate loss of compound integrity of 12% was calculated for storage at -20 °C under argon, a loss of 21% for storage at -20 °C under ambient atmosphere, and a strong decrease of 58% for storage at +15 °C under argon over this period. The initial purity of the compounds does also influence the rate of compound degradation. Compounds with an initial purity of 50% to 75% degraded faster than compounds with an initial purity of more than 75%. The results of the study enable the prediction of the point in time, when the purity of a compound population falls below a predefined threshold that would trigger the resolubilization or retirement of the compound population represented by the analyzed samples. (Journal of Biomolecular Screening 2007:21-32) 
INTRODUCTION
T HE APPROPRIATE STORAGE OF COMPOUND FILES for drug discovery in a high-throughput environment is of crucial importance for all pharmaceutical and biotech companies. The integrity of the compound stocks is a prerequisite for a successful and cost-effective drug discovery process because impurities and decomposition of compounds lead to enhanced false-positive and false-negative rates in high-throughput screening (HTS) of biological assays. This increasing awareness goes hand in hand with a shift of paradigms in library synthesis observed over the past 10 to 15 years. In the 1990s, combinatorial synthesis was primarily focused on the size of libraries. Compound purity was of second priority, and high-throughput synthesis protocols were restricted with respect to purification procedures. Due to low success rates in the drug discovery process with early combinatorial libraries, more and more emphasis has been placed on target orientation of libraries, 1 library design, solution-phase synthesis, and high compound purities. According to a recent market report, 2 sample integrity is regarded as the main issue that compound management has to face today. By far, most of the storage facilities use 100% DMSO as solvent for compound stock solutions. Water uptake during reformatting and water uptake during repeated freeze/thaw cycles are considered as the main reasons for compromised sample integrity over time. [2] [3] [4] [5] Many companies regularly test either their complete compound file or a subset of preselected or randomly selected compounds by liquid chromatography/mass spectrometry (LC/MS) methods. 2 It is assumed that compromised sample integrity is caused by compound precipitation in most cases. Chemical degradation seems to play a minor role and is merely considered as significant if compounds are prepared as salts of trifluoroacetic acid (TFA). 6 Several pharmaceutical companies have carried out studies to identify the optimal storage and handling conditions to guarantee maximum compound integrity over time. For 3 major reasons, the study results are difficult to compare: first, each group has oriented the selection of study conditions toward their available infrastructure and individual drug discovery processes. Second, each group has selected a subset of test compounds that optimally represents the individual chemical space and distribution of physicochemical parameters of the company's compound file. Third, there is a paucity of publications on this topic. The majority of information is based on oral or poster presentations at conferences. Only a few studies have been published in scientific journals to date. 4, [7] [8] [9] A few examples illustrate the difficulty of comparing study results: Kozikowski et al. 7 found that the probability of observing a compound after 3 months of storage in 100% DMSO at room temperature was 83%. After a period of 1 year, the probability declined to 52%. Darvas et al. 9 calculated that 96% of compounds would be stable for 2 years or longer if stored at room temperature in the solid state. Cheng et al. 4 observed in an accelerated study that most compounds analyzed were stable for 15 weeks at 40 °C in 100% DMSO. It turns out to be very difficult to define optimal compound storage conditions that can be applied under any infrastructural and process circumstances for all compound files. More studies comparing several compound storage conditions would be helpful to define the optimal setup from hopefully converging study results.
In this article, a study designed to compare 3 compound storage conditions that are frequently applied in compound management facilities of pharmaceutical companies is reported. In total, 778 representative compounds of the Evotec Discovery Library of 250,000 compounds were selected and dissolved in 100% DMSO. Aliquots of each compound were stored under (1) argon at +15 °C, (2) argon at -20 °C, and (3) ambient atmosphere at -20 °C. Over a period of 6 months, 1 aliquot at a time of each compound was analyzed by LC/MS every 4 weeks to determine the development of the compound integrity over time. Various effects may contribute to the effective compound content in the samples. Major impacts on the reduction of the initial compound concentration are compound degradation and compound precipitation. Compound amounts were determined by integration of the UV trace at 215 nm. Hence, when discussing compound purity results, both effects of compound degradation and precipitation are always included and were not further distinguished. Based on the experimental data, a detailed statistical analysis was carried out, and a prediction of compound integrity over a period of 4 years was calculated for each of the 3 storage conditions. The goal of the study was to identify the optimal condition among several implementable storage conditions for Evotec's compound file and to adapt the compound management process to these conditions to guarantee optimal mid-term and long-term compound integrity. The influence of freeze/thaw cycles was not analyzed in this study. Experiments on the effect of freeze/thaw cycles on the compound integrity are currently being conducted in a second study based on the results of the study described in this publication.
MATERIALS AND METHODS

Experimental design
The herein described compound storage study was designed with the objective to identify optimal storage conditions for the Evotec Discovery Library and potentially to adapt the compound management process to these optimized conditions. Approaches to improve the library storage conditions have been reported, including minimized atmospheric exposure, avoiding increased water content of the solvent DMSO, reducing the storage temperature, and/or minimizing freeze/thaw cycles.
For the described study, 7 time points at 3 different compound storage conditions were selected. The overall duration of the experimental storage study was 6 months. Storage conditions frequently applied in compound management facilities of pharmaceutical companies were selected for the study. Variations were basically the use of an inert gas atmosphere (± argon) combined with 2 different storage temperatures. Finally, the following 3 storage conditions were selected for testing after the dissolution of the samples in 100% DMSO: In addition to the monthly sample analyses, the first measurement was performed at the time point 0 (t = 0) to assess the initial compound integrity.
Diversity analysis
From the numerous diversity measures available, standard Unity fingerprints with Tanimoto distances 10 were chosen for the following compound selection process. In our screening activities, we have gained good experience over multiple screens of selecting representative subsets based on these fingerprints. The calculation and diversity selection are implemented in the Sybyl/Unity software environment (Tripos, St. Louis, MO).
Compound selection
The Evotec Discovery Library consists of approximately 250,000 unique structures. It is a diverse collection of proprietary scaffolds from combinatorial chemistry and additional small islands of diversity from third-party suppliers to maximize the chemical space covered as well as specific subsets focused toward specific target families (G-protein-coupled receptors, kinases, etc.). The library spreads almost equally between compound sets prepared in-house and purchased from third-party suppliers. All compounds are stored in 96-well master plates, which are reformatted to intermediate 384-well plates for day-to-day work. This ensures the best quality and usage for the valuable master set, independent from the workload (minimal freeze/thaw cycles).
A representative diversity selection from the current collection was necessary because the aim of the study was to identify optimal storage conditions for the complete library. The compounds of the test set needed to be selected at their master plate quality. This could only be accomplished by a plate-based selection of 96-well plates, imposing difficulties on the diversity selection process.
Therefore, a 2-step selection process was applied. During the first step, all compounds within the library were identified to be at least 0.70 Tanimoto distance apart. This set of dissimilar compounds statistically represents all clusters of the Evotec library.
During the second step, the number of dissimilar compounds per possible selection plate (96-well basis) was determined, and the plates were ranked by the maximum number of representative compounds. Taking the different cluster sizes between the third-party compounds (highly diverse) and combinatorial chemistry plates into account, 8 plates from the first and 4 plates from the later set were chosen. A total of 778 compounds were finally selected, resulting in 690 compounds that showed valid LC/MS data sets under all 3 storage conditions of the study.
The representativeness of the 778-compound (data not shown) and the 690-compound set was assessed by comparing it to the complete screening library with the following structural properties: molecular weight, cLogP, H-bond acceptors, H-bond donors, and rotatable bonds. In addition, the set was compared to our highly diverse cherry-picked marker set of approximately 2500 compounds in a structural projection map (SARNavigator software, Tripos, St. Louis, MO). This set of 2500 compounds is a representative collection for the overall Evotec Discovery Library of 250,000 compounds. A direct comparative projection of the 690 selected samples and the 250,000-member library with SARNavigator is computationally impossible.
Preparation of compound plates
Compound plates for the storage study were generated by reformatting the original master plates on the BasePlate XR system (The Automation Partnership, Cambridge, UK). All compounds were provided as a 6-mM compound solution in 100% DMSO. Twenty-two copies of the selected library subset were generated in 384-well Matrix polypropylene plates (Matrix Technologies, Cheshire, UK). Plates were flooded with argon, if appropriate, and sealed with a Zymark sealing foil. Immediately after sealing, 7 plates for each predefined condition were stored accordingly. The first plate was directly subjected to the LC/MS measurement to generate the starting point of the measurement series (t = 0 value).
Compound recovery as investigated by LC/MS
Compound recovery was determined at each individual time point by LC/MS measurement. Compounds stored in DMSO were diluted with acetonitrile/water 50%:50% (v/v) on a Matrix PlateMate Plus (Matrix Technologies, Cheshire, UK) to yield a final compound concentration of 150 µM. The diluted samples were directly subjected to the LC/MS measurement. Thus the mean residence time in the acetonitrile/water mixture was kept as short as possible. Furthermore, the presence of 50% organic solvent avoids compound precipitation during the time between dilution and measurement. Compound identity was confirmed by the presence of the compound mass, determined in ESI(+) ionization mode. Compound purity was determined by extraction of the 215-nm trace from the diode array detector signal (relative peak area of the confirmed mass peak). Peak areas from different peaks containing the same mass were considered as isomers of the same compound and summated. DMSO peaks were used as an injection and reformatting control because DMSO was present in each correctly reformatted and injected compound well. Data acquisition and evaluation was performed using the Analyst software V1.32 (Applied Biosystems, Darmstadt, Germany).
The LC/MS studies were carried out on an Agilent 1100 series binary pump (Agilent Technologies Deutschland, Böblingen, Germany) and a Perkin Elmer Series 200 Autosampler (Perkin Elmer, Rodgau-Jügesheim, Germany) connected to a Jetstream 2 plus column oven, Perkin Elmer 235 C photo diode array detector, and a Applied Biosystems API 150 EX single quadrupole mass spectrometer (Applied Biosystems, Darmstadt, Germany).
The following chromatographic conditions were used:
Column: Hypersil BDS C18, 5 µm, 50 mm × 2.1 mm ID (Thermo Electron, Runcorn, UK) with guard column ODSCC18 C18 3.5 µm 2.1 × 10-mm guard column (Phenomenex Ltd., Aschaffenburg, Germany) Eluent: A: water/0.1 % TFA; B: acetonitrile/0.1 % TFA Injection volume: 20 µL of a 150-µM compound solution in 50/50 acetonitrile/water (typically containing 2.5% DMSO) Flow rate: 1.0 mL/min Temperature: 30 °C Gradient: time (%A/%B); 0.00 min (100/0); 1.80 min (5/95); 2.10 min (5/95) MS detection: ESI(+) traces Mass range: according to target mass range of the selected compound, set typically 100 to 1000 m/z UV/vis detection: 200 to 400 nm, selected wavelength for purity determination 215 nm
RESULTS AND DISCUSSION
Diversity analysis
The following histograms ( Fig. 1) compare the investigated data set and the complete Evotec Discovery Library by their physicochemical property distribution. The selected data set represents, as expected, the overall property ranges within the full library.
Because a complete structural projection of the chemistry space requires a comparison for each structure with all other members of the library, a projection of libraries larger than 10,000 to 20,000 members is computationally impractical. We have chosen our marker library (2500 compounds being approx. 1% of the complete library set) as a reference for the comparative structural projection. From our screening experience, we know that the marker library almost always gives a representative hit rate for our complete screening library. The SARNavigator software uses principle component analysis (PCA) and nonlinear mapping (NLM) to project the multidimensional chemical space onto a 2-dimensional map.
The even distribution of the data set for this study in the marker library is met quite well. In a small area of the chemical space (right bottom side of the central projection map, Fig. 2) , a separation of the compounds can be observed. This is traced back to the properties of the combinatorial chemistry plates, which were initially combined in a more structurally ordered manner.
Statistical analysis
The statistical analysis was conducted on 690 compounds that showed valid LC/MS data sets under all 3 storage conditions of the study. This overlapping set was considered to ensure full comparability of the results from each compound under the 3 storage conditions. The main results would remain unchanged without overlap.
For each compound and storage condition, 7 data points consisting of the purity measurements during the study were recorded. In Figure 3 , purity change over time is depicted for 16 compounds showing the broad variety of typical curve shapes observed for the 690 samples analyzed. Compounds with moderate purity values at t = 0 were deliberately included in the study to compare their behavior with that of those compounds with very high purity. The seemingly spontaneous purity improvement observed for some compounds is not significant. It results from the limited accuracy of the automated noise determination within the LC/MS method affecting the peak integration. It is empirically known from the analysis of relative peak areas of repeated injections that errors of 5% need to be considered.
Due to the grouping structure of the data, mixed-effects models are suitable for their analysis. 11 The goal was to model the relationship between the purity of the compounds and the time by using both the compound identifier (i.e., the unique name assigned to each compound) and the storage condition as grouping variables. The corresponding mathematical formula is given by
where t is the time point of the measurement; a and b are the overall intercept and slope, respectively; α cpd and β cpd are the intercept and slope random effects due to the compound; and α cpd;storageCond and β cpd;storageCond are the intercept and slope random effects due to the compound and the storage condition, respectively. An autoregressive structure was assumed for the withingroup correlations. Based on the underlying relationship, predictions were carried out for a period of 4 years. A longer period would result in less accuracy of the predictions. The analysis of the data was performed by means of the statistical package S-Plus, Version 6.1.2 for Linux (Insightful Corporation, Seattle, WA), a commercially available software package.
Estimated mean purity of all 690 compounds at each time point obtained by means of formula (1) and observed mean purity are shown in Table 1 . Because compounds with low purity within an HTS compound library are less interesting, the ratio from the number of compounds showing purity values higher than a given permissible purity limit to the total number of compounds included in the study is calculated to assess the proportion of compounds that could be sorted out. Figures 4 and 5 show the predicted rate of compounds having purities higher than 50% and 75%, respectively.
The mean purity is one of the characteristics for the quality of an HTS compound library. Therefore, its prediction at future time points based on the experimental data is useful (Fig. 6) .
The results presented in Figures 4 to 6 depend strongly on the statistical distribution of the purity values of the compounds. Even if the rate of compounds with purities exceeding a fixed threshold at a given time point is high, the mean purity of all compounds could theoretically be moderate. In the special case where all purity values of a compound collection are in the range of 55% to 60%, Figures 4 and 5 would yield rates of 100% and 0%, respectively, whereas Figure 6 would show a mean purity in the range of 55% to 60%.
In a further analysis, the compounds were divided into 3 classes according to their initial purity at t = 0. The 3 classes consisted of compound with purity > 90%, purity between 75% and 90%, and purity between 50% and 75%, respectively, so each class contained compound measurements under the 3 storage conditions. Figure 7 depicts the observed purity values at each time point according to the initial purity at t = 0 and the storage conditions. It appears from the figure that there is a faster degradation of compounds under argon at +15 °C than for both storage conditions at -20 °C for all 3 classes.
The goal is to investigate the influence of the initial purity on the velocity of decreasing compound integrity. For this purpose, the measurements for each compound were normalized upon dividing the measurement series by their initial purity so that the normalized measurements at t = 0 were always equal to 1. The areas under the curves (AUC) were calculated by the trapezoidal 12 rule. The so approximated areas reflect the velocity of decreasing compound integrity. High areas are thought of as a relative slow decrease in compound integrity, whereas low areas result from a compound with a high velocity of decreasing integrity. Similar ideas are common in the framework of the analysis of pharmacokinetic data. 13 The new grouping structure is given by the 3 classes (high purity = purity > 90%, medium purity = purity between 75% and 90%, and low purity = purity between 50% and 75%) and the 3 storage conditions.
Multiple comparisons were done for the purity classes within each of the 3 storage conditions and for the storage conditions within the purity classes. Figure 8 contains the results for all pairwise comparisons. The estimated difference between the velocity of the decreasing compound integrity and the 95% confidence intervals for the difference is shown for all condition pairs. The confidence intervals were calculated using function multicomp 14 of S-Plus.
The storage of compounds under argon at +15 °C leads to significantly worse results than under atmosphere at -20 °C (rows 6, 10, 11) and under argon at -20 °C (rows 2, 4, 5). As shown in Figure 8 , this is independent of the initial purity as the corresponding confidence limits are left from 0.0. In addition, the decrease of compound integrity is significantly smaller under argon at -20 °C than under atmosphere at -20 °C for the high and medium purity classes (rows 23 and 26), and the difference is not significant for the low class (row 25). The highest difference is observed by comparing the high purity class under argon at -20 °C and the low purity class under argon at +15 °C (row 36).
DISCUSSION
Model selection is one of the most frequently encountered problems in data analysis. Generally, the selection is based on scientific and practical experience in the field of application or on past experiences with similar data.
In this article, linear mixed-effects models were used to carry out a comparison of the performances of 3 compound storage conditions. The collected data exhibit a clear grouping structure, where the first grouping level is given by the compound name and the second grouping level is the storage condition that is nested within the first level. In addition, correlated within-group errors were assumed and were modeled by a firstorder autoregressive process. This means, roughly speaking, that for a compound, the observed purity at time point t depends on the purity at t -1, and the extent of the dependence is governed by the scale parameter of the autoregressive error process. The usual assumption of uncorrelated within-group errors is less realistic in this context.
Computation tools for mixed-effects models are available in S-Plus, which offers a very rich environment for statistical analyses and plotting capabilities. The underlying dependence of the purity on the time was assessed, and the parameters therein were estimated. The 95% confidence intervals for the fixed-effects parameters were obtained and used for the calculation of the confidence bands shown in Figures 4, 5, and 6 . The results are emphasized in the 4 following items.
1. The analysis shows poor compound storage performance under argon at +15 °C. In Figures 4, 5, and 6 , the corresponding curves decrease faster than those for storage under argon at -20 °C and under ambient atmosphere at -20 °C, respectively. This is partly a consequence of the fact that the mean of the estimated slope random effects at the storage condition level (the coefficient β cpd;storageCond in equation (1) above) is negative for argon at +15 °C and positive for both -20 °C conditions. After a storage period of 4 years and according to Figure 6 , the mean purity would decrease from approximately 88% to 30% after storage under argon at +15 °C, which equals a decrease of about 58%. At the same time, the mean purity would decrease from approximately 88% to 76% under argon at -20 °C (= 12% decrease) and to 67% under ambient atmosphere at -20 °C (= 21% decrease). the slowest (Fig. 4) . The difference between storage under argon at -20 °C and storage under ambient atmosphere at -20 °C is significant for long-term storage. The confidence bands calculated from corresponding measurements overlap for short time storage. This means that it does not matter which of the 2 storage conditions is used for mid-term storage of up to nearly 12 months because they yield approximately the same amount of compound degradation. On the other hand, storage under argon at -20 °C is recommended for compound storage of more than 12 months because of no obviously clear overlap of the long-term confidence bands. 3. The goal of the calculations shown in Figure 6 was to assess the mean purity of the whole collection of the compounds being investigated at different time points. Once again, the prediction reveals the superiority of argon at -20 °C, the curve of which decreases slower than the curves corresponding to argon at +15 °C and atmosphere at -20 °C. 4. A further analysis in which the compounds were divided into 3 classes according to their initial purity at t = 0 was conducted. It was shown that the velocity of decreasing compound integrity is statistically smaller under argon at -20 °C than under argon at +15 °C, independently of the initial purity and also smaller than the velocity of the decrease under atmosphere at -20 °C for compounds with initial purity > 75%. Under argon at -20 °C, the only statistically significant difference was observed between compounds from the high and low purity classes (row 27).
SUMMARY AND CONCLUSIONS
In this study, a total of 778 compounds were selected to determine their stability after dissolution in 100% DMSO ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) The vertical line at 0.0 goes through the confidence intervals for statistically not significant differences. Low: population of compounds with initial purity of 50% to 75%. Medium: population of compounds with initial purity of 75% to 90%. High: population of compounds with initial purity of > 90%. under 3 storage conditions frequently applied in the pharmaceutical industry. The compounds were identified to be representative for the Evotec Discovery Library of 250,000 compounds in terms of chemical space and distribution of the relevant physicochemical parameters: H-bond donors, acceptors, rotatable bonds, cLogP, and molecular weight. Eighty-eight compounds had to be excluded from the statistical analysis because of invalid LC/MS data sets for at least 1 storage condition. Only compounds showing valid results for all 3 storage conditions were further considered.
Each compound was dissolved in 100% dry DMSO at a concentration of 6 mM, which corresponds to the concentration of the master stocks of the majority of the Evotec Discovery Library. Subsequently, 22 aliquots of each compound were generated. A group of 7 aliquots per compound was afterwards stored under the same conditions: (1) under argon at +15 °C, (2) under argon at -20 °C, and (3) under ambient atmosphere at -20 °C. These conditions were selected because they are frequently used in the pharmaceutical industry for mid-or longterm storage of libraries. Moreover, these 3 conditions were selected to measure the influence of both an inert gas atmosphere and varied temperatures on the integrity of compounds over time. A mid-term storage over several months at +15 °C is frequently chosen to avoid repeated freeze/thaw cycles, which have an influence on compound stability, as described by Cheng et al. 4 and by Kozikowski et al. 8 The samples were handled under atmospheric conditions during preparation for storage in the same way as all libraries in our facilities on the operational compound management systems. The change of water content of the samples dissolved in 100% DMSO over time was not determined. However, the water content of the samples stored at +15 °C must have been at least 2% upon storage because the samples did not freeze. 15 The experimental data over a period of 6 months reveal that storage at +15 °C leads to a fast reduction of compound amount detected even under argon. In contrast to that, storage at -20 °C strongly reduces the rate of compound degradation. After 6 months, no significant difference in the mean degradation of compounds between storage with and without inert gas atmosphere could be observed. Thus, for short-and mid-term storage of the compounds over a period of several weeks up to a few months, an inert gas atmosphere does not result in a higher mean compound integrity. In contrast, the reduction of the storage temperature from +15 °C to -20 °C leads to a significant improvement of the compound integrity.
The prediction of compound integrity covers a time frame of 4 years. The comparison of the experimental data with the predicted data for the same period of 6 months reveals a very precise description of the experimental data by the prediction model. For all 3 storage conditions, a different mean compound degradation rate is observed in the prediction. It is not surprising that again, small differences in the velocity of compound loss between the 2 conditions at -20 °C and a strongly enhanced velocity at +15 °C are observed in the long run. A significant difference in mean compound integrity between storage with and without inert gas atmosphere starts to occur after 12 months. Thus, it is recommended to keep the compounds under inert gas atmosphere at -20 °C for long-term storage of more than 12 months. After storage of 4 years, less than a 12% decrease in mean compound integrity is expected under these conditions.
In addition to the goal to test a representative set of diverse compounds, 3 groups of initial compound purity were targeted with the set of tested compounds: with (1) an initial purity of > 90%, (2) an initial purity between 75% and 90%, and (3) an initial purity of 50% to 75%. The purpose of this study was to investigate the influence of the initial purity on the velocity of decreasing compound integrity. Most of the compounds in the Evotec Discovery Library fall into category (1) . Still, there are always compounds in a library with lower purities. It was shown that the compounds with low purities between 50% and 75% are degrading significantly faster than the compounds of high purities of > 90% under all 3 storage conditions.
The results of the study enable one to calculate the prediction of an appropriate point in time, when the mean purity of a compound population represented by the test set with respect to diversity falls below a predefined threshold that triggers the resolubilization or the retirement of the whole sample population. However, the resolubilization/retirement of individual compounds based on this study is not feasible because enhanced degradation could not be assigned to individual chemical (sub)structures. With the help of this prediction compound, resolubilization/retirement cycles can easily be scheduled and budgeted. This process helps to reduce frequently repeated and time-and cost-intensive LC/MS measurements to identify compound populations that need to be resolubilized/retired. However, it is advisable to monitor the course of compound integrity over time for a representative subset before significant compounds sets are thrown away.
